As the nation prepares to return to the Moon, it is apparent that the viability of long duration visits with appropriate radiation shielding/crew protection, hinges on the development of Lunar structures, preferably in advance of a manned landing, and preferably utilizing in-situ resources. Contour Crafting is a USC-patented technique for automated development of terrestrial concrete-based structures. The process is relatively fast, completely automated, and supports the incorporation of various infrastructure elements such as plumbing and electrical wiring. This paper will present a conceptual design of a Lunar Contour Crafting system, designed to autonomously fabricate integrated structures on the Lunar surface using high-strength concrete based on Lunar regolith, including glass reinforcement rods or fibers fabricated from melted regolith. Design concepts will be presented, as well as results of initial tests aimed at concrete and glass production using Lunar regolith simulant. Key issues and concerns will be presented, along with design concepts for an LCC testbed to be developed at MSFC's Prototype Development Laboratory (PDL).
I. Introduction
As the nation prepares to return to the Moon and subsequently to Mars, it is apparent that the viability of long duration visits with appropriate radiation shielding/crew protection, hinges on the development of habitat structures, preferably in advance of a manned landing, and preferably utilizing in-situ resources. A relatively large number of habitat structure configurations can be developed from a relatively small set of in-situ resource-based construction products, including, blocks, raw regolith (loose, bagged, or use of caves/lava tubes), reinforced concrete, and glass products. A much larger group of habitat designs can be developed when "imported" materials are brought from Earth, including thin films and liners, and foldable, or expandable metal structures. These, and other technologies have been identified, and are currently being subjected to a rigorous trade study evaluation with respect to exploration and other performance criteria by the Habitat Structures group within NASA/Marshall Space Flight Center's In Situ Fabrication & Repair (ISFR) team. One such technology, Contour Crafting (CC), is the focus of this paper.
II. Contour Crafting Process Development
Conventional methods of manufacturing automation do not lend themselves to construction of large structures with internal features, especially if various other components (such reinforcement, pipes, sensors, etc.) are to be installed within the structure. This explains why the evolution of construction automation has been slow. A promising new automation approach is layered fabrication, generally known as solid free form fabrication or rapid prototyping. However, most of the current layered fabrication methods are limited by their ability to deliver a wide variety of materials applicable to construction. Additionally, they are severely constrained by the low rates of material deposition which makes them attractive only to the fabrication of small industrial parts.
Invented at USC, Contour Crafting is an additive fabrication technology that uses computer control to exploit the superior surface-forming capability of troweling in order to create smooth and accurate planar and free-form surfaces out of extruded materials. Some of the important advantages of CC over other layered fabrication processes are possibility of fabrication with large layer height without compromising surface quality, unprecedented surface quality, higher fabrication speed, and a wider choice of materials. The key feature of CC is the use of trowels in conjunction with a robotic system. Artists and craftsmen have effectively used simple tools such as trowels, blades, sculpturing knives, and putty knives for forming materials in paste form since ancient times. However, despite the progress in process mechanization with computer numerical control and robotics, the primary method of using these simple but powerful tools is still manual, with the consequent result that their use is limited to model building and plaster work in construction. In CC, computer control is used to take advantage of the superior surface forming capability of troweling to create smooth and accurate, planar and free-form surfaces. CC is a hybrid method that combines an extrusion process for forming the object surfaces and a filling process (pouring or injection) to build the object core. As may be seen in the CC nozzles in Figure 1 , the CC nozzle has a side trowel. As the material is extruded, the traversal of the trowels creates smooth outer and top surfaces on the layer. The side trowel can be deflected to create non-orthogonal surfaces. The extrusion process builds only the outside edges (rims) of each layer of the object. After complete extrusion of each closed section of a given layer, if needed, filler material such as concrete can be poured to fill the area defined by the extruded rims. The potential for CC in building construction became evident after successful experimentation with various construction materials such as clay, plaster and concrete. One possible application of CC in building construction is depicted in Figure 2 where a gantry system carrying the nozzle moves on two parallel lanes installed at the construction site. A single house or a colony of houses, allowing for a different design for each structure, could be automatically constructed in a single run. Conventional structures can be built by integrating the CC machine with a support beam picking and positioning arm, and adobe structures may be built without external support elements using shape features such as domes and vaults. Conventional roofs may be built using standard beams with a thin panel attachment to hold the roof construction material delivered by the CC nozzle. Several animations of the building construction process by CC may be viewed at: www.contourcrafting.org.
To build large structures such as apartment buildings, hospitals, schools and government buildings, the overhead gantry platform (shown in yellow in Figure  2 ) may extend above the width of the structures. Two cranes riding on tracks laid alongside the structure lift the platform. The platform may be equipped with multiple cross members each holding a CC nozzle assembly and a robotic manipulator (for beam installation, plumbing, etc.). The integrated construction system using CC also includes automatic methods for reinforcement, plumbing, electrical and communication network wiring, and sensor embedding (see Figure 3) .
Towards improving the strength of large structures built through CC, we have investigated the use of a variety of reinforcements. For example, Figure 4 shows pictures from our experiments with coil reinforcement. Owing to the high extrusion pressures prevailing in CC compared to other layered free-form fabrication techniques, the extrudate thoroughly adheres itself around the coils without causing any internal discontinuities. Figure 5 shows the current state of the CC technology. Under prior projects (two NSF and one ONR) we have conducted extensive experiments to optimize the CC process to produce a variety of small scale 2.5D and 3D parts with square, convex, and concave features, made with a variety of materials, including ceramics. Through the first year of our current NSF project we have constructed a machine that is capable of building full scale straight wall sections out of concrete (right side of Figure 5 ). These experiments establish the feasibility of CC in construction of various geometrical features and feasibility of full scale implementation. 
III. Robotic Operations for Lunar Construction
CC technology requires accurate, variable-speed motion control of the nozzle over the entire construction work volume. Since a large crane with a long boom makes it difficult to achieve good accuracy and speed, a gantry frame will likely be a better choice. Further, it is best to make the gantry frame mobile in order to eliminate on-site human assembly and disassembly. Finally, this mobile gantry robot should be collapsible or retractable for launch and deployment at the lunar construction site. A conceptual deployment sequence of the mobile gantry frame is shown in Fig 6. A typical operational scenario of such a mobile gantry robot is as follows:
1. Launch the mobile gantry robot with the gantry collapsed or retracted 2. After landing, traverse to the construction site with the gantry still retracted. 3. Upon arrival to the construction site, deploy the gantry The concept development and trade study of the mobile gantry robot design for CC lunar construction includes the study of mobile platform design, deployable gantry, interface with nozzle and material delivery, leveling using stabilizing legs, passive compliant joints and locking, sensor-based motion and mobility control, and supervisory autonomous control. A lunar mobile gantry robot can be viewed as two rover platforms connected by a crossbeam. Two mobile rovers must be able to move without damaging the rovers and crossbeam. Passive compliant joints and position sensors will be utilized for safe and reliable mobility control. The mobile platforms will most likely to have four wheels with steering and drive motors for each wheel. The mobile platforms will also be equipped with CPU's as well as various sensors such as inertial measurements units (IMU's), laser sources, and cameras. The mobile gantry robot requires as many as seven retractable beams for lunar launch and deployment -four horizontal base beams, two vertical posts, and one top crossbeam. Fig. 7 illustrates different methods of deployable beams: 1) telescoping, 2) unfolding, and 3) one-time or multiple-time retractable truss structure. Stabilizing legs will be attached to the ends of four horizontal base beams, which will enable leveling of the gantry.
The mobile gantry robot will have passive compliant joints during the traverse, deployment and retraction operations to allow flexing of the structure to reduce stress on the components. These joints will have to be locked after the alignment, leveling and calibration operation. Kinematic and dynamic analysis of the gantry robot during these operations will be performed in the initial stages of the design to provide engineering specifications for the joints and the other structural components of the robot.
Figure 7. Alternative beam designs
Even with Contour Crafting's superior automation capabilities, some portions of the gantry robot deployment may still need human interactions. Therefore, we will implement supervisory control as well as shared control for mobile gantry robots. In supervisory control, the human operator acts as a supervisor issuing high-level autonomous commands and monitoring the performance of remote command execution. In shared control, remote autonomous control and human manual control are shared simultaneously. The human operator can intervene when an anomaly occurs and takes corrective actions. The human operator can command the mobile gantry robot either from the lunar surface or from the earth. Commanding and monitoring from Earth requires, however, addressing the issue of the round-trip communication time delay of 2 to 4 seconds including satellite/ground relays. JPL's contribution builds on the prior work in the area of end-to-end space-based teleoperated robotic systems. Prior JPL research experiences include close cooperation and coordination of multiple robots, robot work crews, predictive display and shared compliant control with time delay, automated avoidance of robot collision with the structure, planning paths for robot motion, computer vision assisted virtual reality calibration, graphical aid, and graphical user interface (GUI). An integrated prototype of a lunar mobile gantry robot requires the design and building of mobile platforms, stabilizing legs, and gantry frame. This effort needs to be integrated with the Contour Crafting nozzle, hopper, and material delivery system. References 1-9 provide more details on some of the points presented here.
IV. Concrete Development

A. In Situ Lunar Materials
Cementitious materials such as concrete consist of cement, water, and aggregates, and are produced by curing mixed material in molds. Cement can be produced by lunar Anorthite and glass by means of sintering and crushing processes, while water can be made by reducing lunar oxides with hydrogen (Ref. 10). Hence, hydrogen would be the only required material to be transported from Earth. Some lunar materials like lunar glass, basalt, and anorthite contain 9 to 19% by weight of CaO and are considered potential raw materials for cement production. Even though concrete appears to be well suited for lunar structures, the production of concrete on the Moon poses many challenges. The mixing and placing of concrete in a microgravity environment is not well understood and has been the subject of recent research (Ref. 13 ). The mixing and placing of concrete on earth is largely dependant on gravity for uniform consolidation of cement particles and proper hydration. It is seen that traditional wet mix methods are not adequate for a lunar environment especially due to the water constraint. Three methods of producing concrete in a microgravity environment are discussed: the traditional wet-mix method, the DryMix/Steam Injection (DMSI) method, and the waterless sulfur/regolith mix (WSRM) method.
B. Wet-Mix Method
On September 30, 1994, the space shuttle Endeavour roared off the launch pad at Florida's Kennedy Space Center carrying the world's first Portland cement-based-concrete experiment into space (Ref. 13) . Researchers from the University of Alabama in Huntsville and Master Builders Inc., carried out the study to help shape the future of concrete technology. The NASA space shuttle program offered a payload carrier called a Get Away Special (GAS) container where small experiments can fly into orbit in the cargo bay of a space shuttle. The objectives of this study were (i) to determine the feasibility of mixing concrete in microgravity environment, (ii) to design and develop an experimental mixing chamber for concrete in microgravity, (iii) to perform experiment abroad in orbit, and (vi) to evaluate concrete properties in microgravity environments.
Both the microgravity and control concrete samples underwent petrography examinations. Results showed that both samples have similar physical features. However, the control sample contains some air voids while the microgravity sample does not. Optical and scanning electron microscopy also revealed that the space concrete has more visible crystalline hydration products uniform in size and distribution throughout the matrix than does the control sample (Fig. 8) . Some of the observed difference between the two concretes still are not fully understood (Ref. 13 ). 
C. Dry-Mix/Steam-Injection (DMSI) Method
A seemingly better alternative to the wet-mix methods is to mix cement and aggregate in a dry state and expose the mixture to steam in a confined chamber to enforce hydration at elevated temperatures and pressures. When steam is injected onto cement, the steam particles that are charged with both heat and kinetic energy bombard cement particles in a confined space. This bombardment results in a transient heat transfer to enhance hydration. In the DMSI process, cement particles near the exposed surface of the cube hydrate first. The hydrates develop micropores letting the steam diffuse to the core of the concrete allowing for complete hydration (Ref. 14) . The DMSI method results in less cement consumption than that of the wet-mix procedure due to the increased surface exposure of cement particles. It also offers advantages of shorter hydration time, higher strength and better workability than the conventional wet-mix procedure (Ref. 15).
D. Waterless Sulfur/Regolith Mix (WSRM) Method
Even though the existence of ancient cemetery ice deposits in the South Pole Aitken basin has been confirmed by Clementine bistalic radar experiments, still water is undoubtedly the most precious commodity on the Moon and its use for cement based concrete construction is doubtful, plus the fact that major constituents of Portland cement are present as strongly bound stable rock forming minerals, which means complex chemical reactions are required to convert lunar rocks and minerals to cement. Experiments carried out on lunar soil samples returned by Apollo missions revealed that sulfur could be extracted from lunar soil by heating it at moderate temperature (of the order of 1000-1200 o C), which can be achieved with standard solar concentrators on the Moon (Ref. 16) . Sulfur is sufficiently abundant on the Moon that it may be available as a by-product from lunar oxygen production or gas recovery. Analysis of the lunar samples returned by the Apollo missions indicate that sulfur, 11 th in weight abundance, is available in the mare soils and rocks (Ref. 
E. Areas of Concern about Using Sulfur Concrete
Temperature variations, which is a critical factor affecting the strength of sulfur concrete as it should not exceed 119 o C (melting point of sulfur) as well as it should be below 96 o C to prevent not only surface melting but volume change of sulfur. Another critical concern is the effect of low pressure and very low temperature on the sublimation of sulfur. The performance of sulfur in extreme conditions such as very low temperature and very low pressure is not known and must be investigated if sulfur concrete to be used as a construction material in space. The relatively poor durability of sulfur concrete in response to repeated thermal cycles imposes restrictions on base site selection. Lunar Polar Regions can be considered as options for preliminary base construction. The fact that Moon's poles are inclined 1.5 degrees from a perpendicular to ecliptic plane, the sun will always appear close to the horizon near poles as the Moon slowly rotates on its axis every 27.322 days (Fig. 9) (Ref. 18) . Thus, topographically high and low points in vicinity of poles are potentially permanently illuminated or shadowed respectively. Another inviting aspect of polar sites is the potential with respect to astronomy. It is possible to view celestial objects for as long as desired if cryogenic telescopes are located in continuous darkness of polar regions. 
F. Current Work
It was found that both the compressive and tensile strengths of sulfur concrete are very promising and compare well with regular hydraulic cement concrete (Ref. 19 ). The optimal strength can be achieved for proportions of 35% sulfur and 65% aggregate by mass. To further simulate the extreme temperature conditions prevalent on the surface of the Moon, the effect of the freeze and thaw and constant extreme cold temperature on the strength of sulfur concrete are being investigated at the University of Alabama in Huntsville. In addition, the result of the addition of dicyclopentadiene on the freeze/thaw and the constant extreme cold environments of sulfur concrete is also being looked into. Dicyclopentadiene is a polymer additive that prevents internal strain during thermal variation.
The freeze and thaw experiments consist of subjecting the specimens to a large number of freeze/thaw cycles. Each cycle consists of 12 hours of freeze and 12 hours of thaw. Another experiment consists of placing the sulfur specimens in a constant cold environment for at least four weeks. After exposure, the specimens are tested and results are compared to the virgin samples. Preliminary results are presented in another paper at this conference (Ref. 20) .
Currently research is underway to investigate the effect of silica (glass fiber) on the strength and durability performance of sulfur concrete. Silica can be used as a reinforcing element for sulfur. Mechanical and durability performances should provide some answers to the feasibility of using sulfur in space. The data gathered on sulfur concrete's durability in extreme temperature conditions should help us to select the proper sulfur concrete mix and to decide the proper location for a lunar base made from sulfur concrete.
V. Glass Reinforcement Development
Fiberglass and glass rods are ideal candidates for use in lunar construction. Fiberglass can be used in a number of applications including weaving cylindrical pressure vessels, electrical insulation, braided cables and reinforcement in structural materials. Glass rods can be utilized as struts, compression members in tensegrity elements and structural reinforcement. Both are prime candidate in-situ materials for use as reinforcement in lunar concrete structures.
Glass fiber reinforced polymer rebars are currently used in a large number of terrestrial applications where steel rebar will degrade or near strong electromagnetic fields. It is also much less thermally conductive than steel minimizing thermal expansion problems. In fact is can be stronger than normal steel rebar. Glass rebar rods could also be made for pumped or cast concrete for in-situ applications.
Utilization of the lunar regolith for production of fiberglass and glass rods will require a knowledge of the glass forming capability of this material. Some work has been performed with lunar simulants. Tucker et. al.(Ref. 21) studied the fiber forming characteristics of Minnesota Lunar Simulant-1 (MLS-1) and Minnesota Lunar Simulant-2 (MLS-2). MLS-1 simulated the mare composition and MLS-2 the lunar highlands. It was found that MLS-2 was easier to draw into a fiber. However, both simulants led to "fragile" glasses which tended to crystallize quite readily. Addition of boric oxide (8 wt.%) extended the viscosity such that continuous fibers were easily drawn using a fiber pulling apparatus. Glass formation appears to be easier with JSC-1 simulant. Bulk samples such as buttons can be cast as glass, as shown in Figure 10 . We are in the process of characterizing the glass forming properties of JSC-1 lunar simulant to be used to study fiber formation and glass rod casting. Table 2 DTA analysis of JSC-1 (Ref. 24) confirms that this material should be a good glass former. The parameter (T x -T g ) which is defined as the temperature difference between the crystallization temperature (T x ) and the glass transition temperature (T g ) is 126 °C. This parameter is used to describe the thermal stability of the glass during reheating. If fiber drawing is done by reheating the glass, it is critical that this difference be large. However, if the drawing is done at a temperature close to T x , crystallization will occur during fiber drawing. Fiber drawing is normally done in the viscosity range of 10 3 to 10 6 poise. Thus it will be important to obtain viscosity versus temperature data. If reheating the glass is not viable, then drawing fibers above the liquidus will be attempted.
It is planned to produce glass fiber from JSC-1 which can be crimped during drawing producing fiber "rebar". The crimping will occur just as the fiber has left the jet zone before the fiber viscosity is too high for forming. JSC-1 will also be melted and poured into carbon molds to form small glass rods. These rods will then be annealed near T g to alleviate thermal stresses. Glass-ceramic or ceramic rods can be produced by reheating the glass to the nucleation temperature to nucleate crystals, then heating to the growth temperature to grow the crystals. It is imperative to have knowledge of the nucleation (I) and growth (U) rates of the glass. Thus a study is being undertaken to determine these rates utilizing a technique developed by Chandra et. al. (Ref. 25) which utilizes differential thermal analysis to determine I and U.
V. Test Status
Prototype CC hardware built by the University of Southern California (USC) is currently being operated in the Prototype Development Laboratory (PDL) at NASA/MSFC. In conjunction with the hardware, USC provided MSFC with the types of concrete, mixing ratios, and motion control files used during their research studies. Initial modifications to this hardware include the addition of limit switches, "stop" or "home" positions, addition of a 3 rd axis of motion to allow creation of more complex geometric shapes, software upgrades, and demonstration of the system using a batch of lunar regolith simulant-based concrete in place of Portland cement-based concrete. In the long term, this hardware will also be used to evaluate designs for automated starting, stopping and air purging of the system, continuous vs. batch processing, nozzle and trowel designs and materials, and incorporation of various reinforcement designs and materials.
VI. Summary
Lunar Contour Crafting appears to be a viable methodology for construction of Lunar and Martian habitats. Construction technologies such as this hold much promise for development of systems requiring automated deployment. Development of such habitats pose tremendous challenges that can be met by the combination of innovative design with cutting-edge technologies that are appropriate for planetary surface habitats with multiple applications for Earth and beyond.
